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— Si r.'jl taneous trapped electron data have been 
-obtained for near :v;ua tori ally mirroring electrons by the 
-Explorer -Jf: satellite and for lev/ altitude mirroring electrons 
-by the satellite i' v ' 3 fbC. Electron energies JMOO keV,~’ 

->450 k e V , and >1.0 PeV were sampled by the Explorer 26 
instrumentation and > ; 80 keV arid >1.2 PeV by the 1963 36 C 
instrumentation . Tnese data are presented for the time 
period .January 1 1hrcn<;n June 2 : >, l r >66, for 1. -- j.O, j. r 3, 

4.0, 4,6, 6.0, and The data and subsequent analyses 

indicate that (1) >300 keV electrons raoidly (<0.1 day) reach 
an equilibrium distribution within a flux tube after a large 
magnetic distui bailee thereby causing long term (many day) 
cross-L diffusion and decay effects to appear pitch angle 
independent at these energies; (2) these same effects display— 
a strong pitch angle dependence for )> 1 MeV electrons due to the 
longer time required for these higher energy electrons to 
attain an equilibrium distribution within a given flux tube; -f 
(3) this difference between the ^300 keV and -vl KeV electron 
behavior can be due to a decreased effectiveness of pitch 
angle scattering mechanisms in lowering the mirror points of 
the higher energy electrons - e.g., assuming interaction with 
wide band whistler mode noise ( Roberts , 1968 ) as the major 
scattering m echan i sum , 


the power spectral density function 


would to s 1 rnif ! eunlly in mayn * t ude at frequencies 

lov/^r than a f*. v; honor* *d eye] cr. re ;* no conn : (4) the Intensities 
of both 1 ov: end hl.-h alMtud'-’ trapped > 300 keV electrons 

Oj 

exhibit a fast decay node immediately after the April 18, 19 G 5 * 
mimetic eterr an 1 a ;> I rni f J card 1 y slower decay several days 
cafter the stone., in the rerlon of maximum disturbance, L ~ 3.0; 
(9) a com par iron of particle response characteristics at low 
and hirh altitudes durinr a main phase storm yields a rourh 
measure of field expansion In the storm - expansions of 

AH ^>0.2 Rj, at R ^ 3. 9 R^ for a maximum nerative Dst of 

-30r -;r.d AR -v o. 1 ?. R,, n t R ~ 3.2 R, r for D.;t rnx ^ -137? are 
obtained: (6) 'nerretlc electrons associated with magnetic 
storms are ‘bs.i-r”od lo initially appear at L value's well 
within the trappier rorions and subsequently diffuse to lower 
a ) \ d h 1 rh o r a 1 1 i t u d o s : ( 7 ) pre 1 I in 1 na i *y re s u 1 1 s i nd i c a t e t ha t 
th* 3 acceleration mechanisms responsible for the appearance 
of enerretic electrons, within the trapping reijions durinr main 
phase storas act on the hirh altitude side of the whistler 
kn*c and may be responsible for the observed apparent motion 
of the whistler knee to lower altitudes durinr magnetic storms 
( Car pent or , 1 O^C ) ; (8) the appearance of enerretic electrons 
in the trap pi nr re r Ions from the equate^ to low altitudes during* 
the April 17* 1985* storm correlates very ’well spatially with an 
observed depletion of maxirvoa ionospheric electron density, Mm F2 
(Pauer and Kr * sh r awur* hv . a o^O'y ) 



INTRODUCTION 


There have been a number of experimental studies 
reported concerning the behavior cf energetic outer z.one 
electrons at high altitudes (see for example Freeman , 1964 , 
Frank , 1965a) and at low altitudes (see for example, Forbush 
et al., 1962; O'Brien , 1963, 1964 ; Rose , lpG6; V.' illlams , i960). 
Ouch studies have contributed to our understanding of the 
electron spatial distributions and their relation to the 
distorted geomagnetic field and to the time behavior of these 
particles and its relation to magnetic activity. 

As these results emerged, efforts have turned toward 
studying possible source, loss, and transport mechanisms 
responsible for the observed trapped particle behavior (e.g., 

Nakada and Mead , I9G5 ; Robert s , 1966 ; Kennel a nd Petchek , 1966; 

Tve r skcy , 15 * 64 ; Fa lthammer , 1965). In general, simultaneous 
observations from several locations within the magnetosphere 
are required to deter nine the problems and obtain possible 
solutions . 

Therefore, in an effort to obtain further informa- 
tion concerning these mechanisms, we present herein a comparison 
of the time behavior of electrons mirroring near the magnetic 
equator and those mirroring at low altitudes. Energies £280 keV 
and £l MeV are considered over the L range 3 < L < 5.5. The 
data were obtained from the low inclination, high altitude 
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satellite Explorer 26 and the low altitude oolar orbiting 
satellite 1963 3 &C over the time period January 1 , 1965 * 
through June 29, 19 ^ 5 • Preliminary resuJts, covering only 
the April 17 % 19 ^ 5 * magnetic storm were reported by Arens 

et al . (1967). 

While such an approach is far from ideal, it does 
offer the opportunity of obtaining a further insight into 
these various mechanisms by observing the simultaneous 
behavior of particles trapped near the equator and at the 
end of the field line. 



SATELLITES, INSTRUMENTATION , AND ORBITS 

The Explorer 26 satellite t;as launched on December 21 , 
19'Sk into an orbit having an. inclination of 20.1°, an orbital 
period of ~7.5 hours, an apogee of 20,000 km, and a perigee of 
200 km. The satellite was spin oriented with the angle between 
the spin vector and the local magnetic field ranging from 
about 30 ° to 90 °. The satellite spin rate gradually and 
uniformly slowed from about 32 rpm to about 9 rp m during the 
period discussed in this paper. 

The experiment flown by BTL on Explorer 26 was 
designed to investigate the electron and proton particle 
populations in the trapped radiation belts. The experiment 
consisted of six solid state partially depleted p-n junction 
detectors ( Buck et al . I96A). By making use of the electron 
and proton energy loss characteristics and by changing the 
thickness of the detector active region by a change in detector 
bias, it was possible to distinguish between proton and electron 
responses in the data. The detectors were encapsulated in a 
nitrogen-oxygen mixture at atmospheric pressure and covered 
by a 0.3 mil Kovar diaphram. Additional absorbers were used 
in individual detectors to allow the detection of a 'wide range 
of particle energies. 

The three Explorer 26 detectors whose electron flux 
observations are discussed in this paper were designated Ep, 

E6 , and El arid r.aa electron threshold energies 


of 0.3 MeV, 



nr. cl E6 detectors 


- 4 - 


0 . ‘Vj MeV, and 1.0 KeV, respectively. The to 
were directional, had look ancles oriented no real to the 
satellite spin axis, and were operated in me nlgn oias, or 
electron mode. The El detector won omni-directional, its 
symmetry axis oriented perpeniicui ar to the satellite spin 
axis, and was also operated in the hi gh bias mode. The 
efficiency-geometrical factors for E'j , EC, and El were 


l. r 3'10 ^ cm' stor, A. 0*10' 
respectively. 


■3 


cm 


iter, and 3*0*10 


-o 


cm 


s ter. 


A comparison of the high bias mode -with the low 
bias mode of' the experiment showed that at L - A . 5 , c j.O , 
and 5*5, there was essentially no contamination of the 
electron data from protons. At L = 3.0, 3.5, and A.O the 
high bias data consisted of an admixture of electrons and 
protons except for she times when the fluxes were increased 
by magnetic storms. At this time, the high bias-low bias 
comparison indicated that the increased fluxes were essentially 
all electrons. 

Satellite 19^3 3& was launched on September 28, 19&3 
into nearly circular polar orbit having a HA 7 km apogee, a 
10o7 km perigee, a 89*9° inclination and a 107. A minute period. 
The detectors of interest on 196 3 3 ( 3C are two 1000 micron 
surface barrier solid state detectors measuring integral 
electron intensities at E > 280 keV and > 1.1' V.oV . As the 
satellite Is magnetically aliened and the -detectors are 


oriented to look out normal to the alignment axis, trapped 
electron intensities are obtained for those electrons mirror- 
ing at or very near the point of observation. Further details 
concerning the satellite and instrumentation have Deen 
reported by Williams and Smith (I965). 

During the time period being considered here, 

January 1 , 1965, through June 29, 1965, the apogee of 
Explorer 26 precessed through the local time Interval of 
I63O hours to 1117 hours. Similarly, the orientation of the 
orbital plane of 1963 38 c with respect to the earth -sun line 
swept through all local times. This is illustrated in Fig. 1 
where the projection of the two orbits onto the ecliptic 
plane is shown as viewed looking down from above the north 



DATA 


Trapped electron intencitiee were rnonirored oimul- 
taneously by the satellj Explorer 2 A and 1^6 5 job throughout 
the period January 1, lyuy* through June 2y. 1X^. The electron 
energies sampled were > 2t‘0 heV'and > 1.2 Me 7 aboard 
1963 38 O and E q > 300 keV, > 450 Y.eW , and >1.0 Me'/ aboard 
Explorer 26 . • — 

Electron intensities through the outer zone ;;ere 
obtained from the ibo 3 380 data by cons tructi:.?-- five point 
averages at all desired L c.-.olls. This process yields an L 
spread of ±0.04 at L = 3 and ±0.1 at L = 5 .9. The response 
of an on board proton spectrometer has shorn that proton 
contamination in these low altitude high latitude regions is 
negligible (’ Williams and Smith , 196 b; Willi a ms , 1 966 ), - 

In the following data presentation, each data point 
from the Explorer 26 satellite corresponds to the median 
counting rate observed by one of the electron detectors as 
the satellite made one pass through the region of space defined 
by L ± 0.05 Rg. The data points correspond to B 0 /B values 
ranging from about O.j to 1.0. Plots of the counting rate 
versus ByB for 1 = 4.9, 5 * 0 , ana 5 * 5 , indicate that the 
electron rates generally are essentially independent of H yB 
within the observed range. Where this is not trje, i, = 3.0, 

3-5, and 4.0, the electron data have ail been, normalise... to 


the rates of B y'B = 1. 


1 : la :,j on or or. o of the 

o ] e -if ron r.of.^ v • a 1 . U 3 r. e 0 on d c . 


i:.e a:/l r ai ? : 

Explorer le'c** err 
Due to the .'pi.- m‘e o:' ire m -ml Ate, the da* a from K5 and 
Ef> that i s present <~d in five next roc* i or i.s t.ous the ? d i n - 
averaged electron flux from a directional notector. Host of 
the Ev ar.d Ft data point.- correspond to data taken with the 
satellite spin axis at ar. ancle of creator than 60° to the 
local n.a-nio ti c field. Ihus t;.e spin a re raped di rectional 
1 lux 1 mm Day 1 to a bon*; Pay 2 P , ly ’■} . is e:juj valent to the 
omnidirectional flux to wi min a factor of 1.5. After 
approximately j>.y 1 ho. i he spin ra - e of the satellite 

had slowed 'uf fi ei ' • -,2y so they the ex? crimen i sampled less 
than i-r o° r. i . ‘ r.o i.-’t.-j second counting interval. An examination 
of the individual data points at each L value revealed that 
the effect of the slowinr spin was observed main] y in the 
proton background a!. L = 5.0 and 3.5. The l road electron 
pitch auric distribution:., obscured any noticeable spin modula- 
tion in lh c electron fluxes. Ho corrections to the data were 
necessary for this spin effect. 

All the data for the period of interest from the 
> 300 kcV channel aboard Explorer 2.6 and the > 280 keV channel 
aboard lyt'5 560 are shewn in Figure 2 for the shells L ~ 3.0, 
5.6 > n-.O, and 5 • 5 • included in the figure are plots 

ot But ( nt-npijiry. • Key . i ri '* k s , persona] communication) and 


I 



of the orbital 


Kp along with a measure of the orientation 
plane of 1<>5 3 88c as viewed from above the north pole. 

Figure 3 is a similar plot for the data from the Explorer 26 
> 1.0 KeV channel ar.J the 196 3' 380 >1.2 KeV channel. 

Table 1 lists the conversion factors required to 
convert the relative counts shown in Figures 2 and 3 to 
absolute flux values (particles/cm star sec). The errors 
shov/n are mainly due to spectral uncertainties . 

TABLE I 

Conversion Factors for Flux Values 


Channel 

Kul tiply 
count.", by 

-2 -1 -1 

(cm s t or sec * ) 

Error 

1963 38c 
>280 keV 

600 

+ 100 

1963 38c 

>1.8 KeV 

1200 

+400 

Explorer 2o 
>300 keV 

900 

±300 

Explorer 26 
>1.0 KeV 

1200 

+400 


The proton sensitivity of the Explorer 2c > 300 Ke 
channel can be seen in Figure 2 to extend out to L » d.0. 
However, the general features of the trapped electron storm 
time behavior can be observed and compared with the low 
altitude data. 



\$pr*** 'il 



) 


A feature of interest shown by Figures 2 and 3 it 
the significant increase in the detailed response of outer 
zone trapped electron:-- to magnetic activity as L increases. 

At L = 3> only large, well r.efi: ed perturbations in the 
magnetic activity indices are associated ’with intensity 
changes in the trapped electron population. With increasing 
L, more and more intensity fluctuations appear which can be 
associated with a variety of magnetic perturbations. Finally 
at L = 3 • ; 3 shown, in Figures 2 and 3, intensity fluctuations 
appear which have no obvious association with a Dct variation. 
This lack of association is not surprising since the high L 
shells are well removed from the near equatorial stations 
used to determine the Drt. values. However, it does emphasize 
the trend that the trapped electron sensitivity to magnetic 
activity increases sign! f 3 cantly with increasing L, in 
agreement with previous 1963 3&C results ( Williams and Smith , 
19 <> 5 : Arens a ; : d W i 1 1 i a m , 196 { ) . 

Figures 2 and 3 also show that the behavior of 
electrons mirroring near the equator and at low altitudes is 
very similar, particularly at »\300 keV. Perturbations in the 
>3?0 keV electron intensities at a given L value are observed 
generally to come quickly to equilibrium. This causes the 
electron population: to : ehave in unison throughout a flux 


tube over extended periods of time. The important distinction 
between i ienticnl low ar.l high altitude L values (Figures 2 and 
3) 2 nd a flux tube (line of force) ic discussed in later 


sections of this paper 
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Exceptions to the above uniform behavior occur near 
the beginning of magnetic storms with the appearance of 
electrons new to these regions of observation. It also appears 
that the relative behavior of equatorially mirroring and low 
altitude mirroring 1 MeV electrons differs from that at 
<v300 keV. 

To illustrate these differences. Figures 4 and 5 
show on an expanded time scale several days of data taken 
around the geomagnetic storms of March 2, 1965 and June 15, 
1965. Included in the plots are AE indices ( Fairfield , 
personal communication) along with the Dst values. 

First it is noted that all along the field line 
the >300 keV electrons rise to their maximum values much 
faster than do the ;>1 MeV electrons. This -was observed to 
hold for all the major storms in the period under consideration 
in agreement with earlier results (e.g.. Freeman , 1964, and 
Williams and Smith , 1965 ). 

Secondly it appears that the >300 keV electrons 

f \j 

reach equilibrium within a given flux tube faster than do the 
;>1 MeV electrons. In Figures 4 and 9 it can be seen that the 
low altitude trapped electron intensities at >280 keV reach 
their peak value soon after the equatorial intensities and 
then essentially follow the behavior of the equatorial electron 
population. In fact, increases in the equatorial to low 
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altitude intensity ratio are observed to occur only during 
the 1-3 day period associated with the storm main phase 
depression for the £280 keV population. At these times field 
expansion effects invalidate the concept of both low and high 
altitude L values characterising the same line of force. 

Xt can further be seen in Figures 4 and 5 that a 
similar relative behavior between equatorially mirroring and 
low altitude mirroring electrons is not observed at £l MeV. 

Not only do the low altitude >1 MeV trapped electron intensities 
generally reach peak values well after the equatorial intensities, 
but in several instances continue to increase in intensity 
long after the equatorial intensities have begun their decay 
(e.g., L = 4.5* Figure 4, L = 5 - 0 , Figure 5 ). In addition, 
variations in the equatorial to low altitude intensity ratio 
are observed to generally last for several days beyond the 
main phase depression. Thus, the time to attain equilibrium 
along a given L shell appears significantly longer at £l MeV 
than at £300 keV. Note however an apparent change in this 
pattern at L = 5-5 in Figure 5. 

A detailed study of the data in Figures 2 and 3 
reveals a wide variety of electron intensity fluctuations 
which may be associated with various geomagnetic perturbations. 

In this paper we have chosen to study events characterized 
by large intensity increases occurring throughout the region 
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of observatior v:hich could be associated with -a v:ell defined 
magnetic storm. This study will thus emphasise the non- 
adiaiatic appearor.ee of new particles in the region of 
observation and the subsequent behavior of these particles. 

The storms studied are indicated by the arrows in 
Figures 1 and 2 and are listed in Tabic 2. Tire Dst zero 
crossing time is the time at which the Dst values cross and 
remain below the zero level as the initial phase of the storm 
begins . 


TABLE 2 

Major Storms Studied in Period January 1 - June 2y 

196 b 


DATE 

SC 

MAXIMUM Dst 
(GAMMA) 

Dst EEPO 
CROSSING TIME 

Peb. 6 

i J ri*4 hrr> 

- 55 

0130 

hrs Feb. 7 

Mar. 2 

1 3 A 9 -IT 5 S hrs 
<10 stations 
reported SO 

- 68 

' 1700 

hrs Mar. 3 

Mar. 22 

NONE 

- 31 

0330 

hrs Mar. 23 

April 1 ? 

1313 hrs 

-137 

0330 

hrs April 18 

June 15 

1100 hrs 

-102 

OAOO 

hrs June 16 
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An important parameter in characterisin'- 1 ; the outer 
sene electron response to major magnetic perturbations is the 
arrival time of the bulk of new particles within a flux tube. 
The accurate determination of the start of the particle 
increase associated with the initial phase of the storm is 
complicated by several factors: (i) adiabatic effects due to 
sudden commencement compressions and ring current decompression 
of the magnetosphere prior to and during the development of 
the storm; (ii) the appearance of particles associated with 
polar substorm events which may not be associated with the 
large bulk increases of electron intensities during the storm 
main phase; (iii) the measurement of relative arrival times 
of particles on various L shells by an individual satellite 
has a resolution governed by the satellite's orbital motion 
and; (iv) the fact that all of the proceeding, effects have 
strong spatial variations. 

In an attempt to minimize these difficulties, we 
have used the time for the electron intensity increases to 
reach one half of their maximum value, t m /p > as a measure of 
the arrival time on a given L shell of energetic electrons 
associated with a main phase geomagnetic storm. Generally, 

(see Figure 1) the larger intensity increases are rapid enough 


so that is quite 

insensitive 

to the above 

effects . 

The 

tine for the observed 

intensity ir 

lore a:;es to at 

tain full 

peak 

values on a given L s; 

;oll was not 

used as a 

racterioti 

c 
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arrival time because it is very sensitive to diffusion effects 
and is therefore significantly less accurate than t^p . 

However, while the time of maximum may frequently be very 
difficult to obtain, the intensity at maximum can be measured 
quite accurately, thus allowing a determination of t m yp to an 
accuracy not realizable in finding the time of maximum. 

Some of these various problems are illustrated by 
the data in Figures 6 and 7. Figure 6 shows a sequence of low 
altitude outer zone profiles along with Dst and AE plots just 
prior to and during the initial phase of the February 5* 19&5 
magnetic storm. Pass 1, occurring close to the sudden 
commencement, displays no noticeable effects, and is shown 
for orientation purposes. Pass 2 is closely associated with 
the occurrence of a polar substorm as indicated by the spike 
in the AE indices and shows an intensity enhancement at high 
latitudes. Simultaneous data obtained from the 1963 38C proton 
spectrometer show that this enhancement was due to electrons 
only ( Bostrom et al . , 1967). Passes 3 and 4, obtained at the 
start of the initial phase, show the subsequent loss of these 
high latitude electrons. Such a loss may be explained by a 
combination of adiabatic effects and loss from the trapping 
regions. Pass 5 shows the appearance of large numbers of 
trapped >280 keV electrons on the lower L shells. 
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Pass 6 obtained at the recovery of Dst to approximately prestorm values 
shows the additional appearance of electrons at 5 ^ L ^ 9. This may be the 
combined result of electrons injected at lew L shells diffusing outward 
and electrons injected near the equator diffusing down the field line 
to these low altitudes. 

It is seen from Figure 6 that Che bulk of the electrons associated 
with this main phase storm appear between passes 4 and 5. The 
appearance of particles on high L shells during pass 2 which are associated 
with a polar substorm would yield a false start time for the bulk of the 
particles associated with the main phase Dst decrease. The use of 
avoids the above difficulty. 

Figure 7 again shows the February 5, 1965 storm but from the 
perspective of a time history of the comparison between the high altitude 
and low altitude data. Explorer 26 and 1963 38C data are shown for E e ~ 300 
keV for L - 4.0 and 5.0. Dst and AE values are also included. The 
Explorer 26 data show the appearance of electrons at L 3 5.0 occurring 
significantly before L = 4.0 (Lanzerotti , 1968). However, the above 
arguments indicate that the two Explorer 26 points after the sudden 
coramuncemetit at L * 5.0 may be associated with the polar substorm occurring 


at that time and before the start of 
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the storm main phase. The 1963 38C data shown at L = 5.0 

r 

also display an increase at this time but the following data 
point at the beginning of the storm initial phase shows the 
decrease discussed in Figure 6 above. It is possible that 
the Explorer 26 observations at L = 5.0 simply missed this 
decrease due to sampling resolution. The rapid rise and the 
magnitude of the main electron intensity increase indicates 
again that t m ^ not very sensitive to the above effects. 

Thus, from the above arguments we feel that 
is a more accurate measure of the characteristic time of 
arrival of energetic particles associated with a main phase 
geomagnetic storm than either the start of an intensity 
increase or the time to the maximum increase. 
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RESULTS 

Figures 8-12 show plots of t as a function of L 
value for low altitude mirroring electrons (E e > 280 keV 
and >1.2 KeV) and near-equatorially mirroring electrons 
(E g > 300 keV and >1.0 MeV) for the five magnetic storms 
being studied. Also shown in Figures 8-12 are the maximum 
intensities attained during the respective storms for the 
various energies and altitudes observed. 

These data show that there tends to exist for both 
tne low altitude and high altitude data, a range of L values 
which is associated with both a minimum in t m yp and a maximum 
in the number of newly observed electrons (see in particular 
Figures 11 and 12). This indicates that energetic electrons 
may appear during a main phase geomagnetic storm well within 
the stable trapping regions and subsequently diffuse both in 
toward lower L shells and out toward higher L shells. This 
observation is significant as it shows that the source of 
these outer zone electrons is not necessarily the diffusion 
inward of a low energy electron population located at the 
outer edge of the stable trapping region. In fact, a distant 
lower energy electron population will result from the outward 
diffusion of an energetic electron population appearing 
initially at low L shells. Before discussing our interpreta- 
tion of the significance of these results, we shall discuss 
In detail the electron data for each of the storms under 


consideration. 
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February- 6 , 1965 

The data from this storm are presented in Figure 8. 
The maximum intensities observed at 1100 km occurred at 
L — 4.5 for both the >280 keV and >1.2 MeV electrons. The 
equatorial electrons show a maximum intensity at L — 4.5 
at >1.0 MeV and L - 4. 5-5.0 at >300 keV. 

The data for are not as clear. The 1100 km 

data indicate a minimum at L — 4.5 at >1.2 MeV and a broad 
minimum from L — 3.5-5- 5 for the >280 keV electrons. While 
the >280 keV data may be fit with a curve yielding a minimum 
■t.m/2 consistent with the >1.2 MeV data, che difference in the 
width of the curves may be due to the source being sufficiently 
strong only at L — 4.5 to produce a significant number of 
>1.2 MeV electrons. 

The equatorial data points for indicate that 

both >300 keV and >1.0 MeV electrons initially arrive beyond 
the region of observation, i.e., L > 5.0. Note that the lower 
energy electrons appear to move inward to lower L shells faster 
than the higher energy electrons. However, the statistics of 
the data are consistent with the different behavior being due 
to spatial variations within the source mechanism as mentioned 


above . 
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M arch 2 , 1965 

The data for this storm, given in Figxire 9, show a 

maximum intensity for all observed electrons at L - 4 . 5 . This 

agrees with the observed minimum shown in t for low altitude 

m/ d 

mirroring electrons both at >280 keV and >1.2 MeV. The 

equatorial data are consistent with a minimum t occurring 

m /d ° 

over a relatively broad region at L > 4.5 for the >300 keV 
electrons and beyond the observation region, L > 5> for the 
^>1.0 MeV electrons. 

The indication that the high altitude minimum t^,^ 
may be displaced toward higher L shells from the low altitude 
minimum t^„ ma y simply due to the geomagnetic field 
expansion during the storm main phase. That is, the low 
altitude and high altitude minimum actually occur in 

the same line of force but are labeled with different L values 
due to the field distortion. (Both 1963 380 and Explorer 26 
use the same computer programs to calculate L value, given the 
position of the satellite.) This effect should be more 
apparent in than in the location of maximum intensity 

since t m /2 generally occurs during the storm main phase 
whereas the maximum intensity, being affected by diffusion 
effects, may occur several days after the start of the storm. 
March 22 , 1965 

The data for this storm are shown in Figure 10. 
Maximum intensities are observed in the vicinity of L — 5 
for all electrons. 



The minimum t 


- TO - 

, ,,, shown by the lower oner;**/ electrons 

l:iy e.. ° 

matches- the position of maximum intensifies for these particles. 
Tile low altitude >1.2 MeV dal. a is :.ct clear and the equatorial 
>1.0 Me V data chow that if a minimum t ( ^ exists jt is at or 
beyond L •- 5 • !3 . The differing' character! sties of the > jOO keV 
and >1.0 MeV t^.^ plots may agni n be Jue to spatial variations 
ir. the source. For example, if no electrons greater than a 
few hundred kilovolts were directly produced in this storm, 
their appearance at the lower L shells would be due mainly to 
diffusion inward of an initially lower energy population. 
Moreover, the bulk of the observed higher energy electrons 
would be due to those lower energy electrons appearing at the 
outer edge of the main region, of injection. 

v i gurc 13 snows diffusion rates obtained from 
Figure 10 assuming that the apparent inward motion of the 
near-equatorial >1 MeV electrons is due solely to cross-L 
diffusion. The magnitude of the diffusion rates shown in 
Figure 13 are of the same order as those reported by Frank 
( 1965 ) for the L ^ 4.5 region. However, the L dependence 
shown in Figure 13 is in marked contrast to the diffusion 
rate dependence observed by Frank ( 1905 ) • This may be due to 
the fact that the diffusion rates reported here were obtained 
shortly after a magnetic disturbance and may thus be related 
to transient activity associated with the storm. Frank's 
( 190 - 3 ) observations were ob'ai, r.ed over a several week period 
following nr. interval uf enhanced mamo-tic activity and may 
thus represent more nearly quiescent magr.e lospkerie conditions . 



The situation with the 
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Figure 10 is not 
diffusion down a 


low altitude >1.2 MeV electrons jj. 
ciear since these regions are a /’footed l.y 
flux tube as well ns cross-L diffusion. 


April 17., 1<#5 


Figure 11 chows the electro: 1 , data for this stern:. 
Here the low altitude >280 keV electrons display a maximum 
intensity at T, - 3.0 - J. g. ar.d the equatorial >'j00 keV 
electrons peak at L = 8-‘8. Both the >1.8 MeV electrons 
mirroring at 1100 km and tne _>i . 0 MeV electrons mirroring 
near the equator show a major peak at L = J . ‘J . 

All observed electrons display a well defined 
minimum at low L shells with the equatorial values 

being displaced toward higher L shells relative to the low 
altitude values. 

This storm shows a well defined case of electrons 
initially appearing well within the trapping regions and 
subsequently diffusing in toward lower L shells and outward 
toward higher I shells (see also Figure 12). Note that the 
low altitude >2 80 keV data show a much steeper curve 

toward lower L values than toward higher L values, in 
qualitative agreement with diffusion theory under conservation 
of the first t.v:o adiabatic invariants. A similar observation 
was reported for the October 8 b , 1963 magnetic storm where 


D 


, between peak magnetic 


ae 


tivi 


md 


the time interval 
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attainment of peak >280 keV electron intensities was measured 
as a function of L (Wil liams and Smith , 1965 ). It was found 

that Tp ~ 0.3 days at L = 3 , increased to ~4.3 days at L = 2.5 

and also continuously increased to <v4 days as L increased to 
^9 earth radii. 

Note also that all the data in Figure 11 show a 

definite change in character in the region of I, = 4.5 - 5.5. 

The intensity plots either show a secondary maximum or a 
definite change of slope. The t^ 2 curves show either a 
secondary minimum or also a change of slope. We interpret 
this as evidence for a secondary appearance of electrons 
during this storm, occurring about 1.3 days after its start. 
Thus, Figure 11 shows a major arrival of energetic electrons 
occurring very shortly (<0.4 days) after the beginning of the 
storm in the region L — 3 - 3.5 followed by an apparent 
secondary appearance of energetic electrons about one day 
later at L ~ 4,5 - 5 . 5 . 

The minimum t^g values are not only displaced 
toward higher L shells at the equator but are also seen to 
have broader minima. This is in general agreement with the 
mapping of a flux tube from the equator to low altitudes during 
a period of enhanced field expansion. Figure 14 qualitatively 
illustrates this effect. 
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J une 15, 1967 

The data for this storm are shown in Figure 12. 

These data display broader maximum intensities and minimum t m ^, 
curves than generally shown by the previous storms. In 
particular the t^g plots indicate the arrival of energetic 
electrons at the equator and at low altitudes over a wide 
range of L values, but still within the trapping regions. The 
equatorial values are again displaced toward higher L shells 
for both the maximum intensity and minimum t m ^g . Also the 
L dependence of the slope of the t^g plot is in qualitative 
agreement with cross-L diffusion theory as in the April 18 
storm (see Figure 11). 

All Storms 

The energetic electron response to these main phase 
storms varies systematically with the size of the storm. To 
show this we have obtained from Figures 8-12, the L shell at 
which the minimum t^.-j and maximum intensity occur. These L 
values (or their lower limits) are shown in Figure 15 for all 
energies and altitudes observed as a function of maximum Dst 
occurring during the storm. These maximum Dst values are 
listed for each storm in Table 2. 

It Is seen that the L value associated with the 


maximum intensity and earliest arrival of new energetic 
particles decreases as the size of the storm increases in 
agreement with previous low altitude results ( Arens and Williams , 
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1 j(: 7 ) . In ad-lit j on , the u c c- of I, as a parameter yields an 

apparent indication of the distortion present in the expanded 

field. The data associated with minimum t /0 in Figure In 

1 '7- 

falls into two groups, the low altitude and the near-equatorial 
rapped electrons. Assuming that the energetic electrons first 
observed at both low and high altitudes are within the same 
flux tube, the data indicate that for a storm of 

Dst n,ax — -140 y, an expansion of ^0.5 Rp occurs at an altitude 
of ^3*<- Rg while for a Dst n ' a '’ 1 of ~ - 3 O 7 an expansion of 
g0.2 Rp occurs at Rg. That is, a field line crossing 

the equator at Rr> during quiescent conditions will cross 

the equator at ~3*7 Rg during a main phase storm when 
Dst - -1407. 

The expansion shown in Figure 13 for the 1407 storm 
of April 17, 1 °6 3 , agrees well with the more accurate values 
of AR -v 1 Rg at R ~ 4 Rg and Ar ^ 0.5 Rg at R ^ 3Rg obtained 
by Davis (personal communication) utilizing field expansion 
data of Cahill ( 1966 ) obtained during this storm. The 
expansion noted at ~5.2 Rg for a 307 storm is a lower limit 
s^nce equatorial minimum v;ere n ot observed within the 

region of observation. 

The position of maximum intensity in Figure 15 does 
not display any readily discernable expansion effect. This 
is probably because the position of maximum intensity is 
strongly affecte! by diffusion down a flux tube and cross-L 



diffusion. The minimum t m ^ values are not significantly 
affected by these effects since they occur wit.nin 0.5 day 
of the beginning of the storm Initial pnase and, thus, before 
significant dif fusion takes place . 

Decay Times 

Figures 2 and 3 shov; a variety of particle decreases 
including decay effects over an extended time period. Since 
the decay time measured by a threshold detector is affected 
in a complex way by energy loss mechanisms as well as particle 
transport processes, care has to be exerted in the interpreta- 
tion of such decay times. 

The lifetimes, t, for both the lov; altitude >280 keV 
electrons and the equatorial >300 fceV electrons are shown in 
Figure lb for two different time periods after the April 17, 
1965 magnetic storm. The lifetime measured is the time for 
the electron intensities to reach of their initial value. 

The upper portion of Figure 16 shows a plot of t vs 
L for the immediate post storm period, April 19 to 22.p, 1965- 
No points are shown for L > 4.5 since the intensities in these 
regions never decayed during the immediate pest storm period. 
The bottom of Figure 16 shows t vs L for the long term post 
storm period of April 22.5 to Kay 3, 1965* The error bars on 
the data points a^e not standard deviations but are upper and 
lower limits obtained by visually fitting the data points 
with a straight line on a logarithmic plot. 


26 


Not only do the low altitude and high altitude data display 
similar lifetimes for -300 keV electrons, but their immediate post 
storm and long term post storm behavior agree. It is seen that 
immediately after the storm the decay times out to L = 3.5 are signifi- 
cantly shorter than the long term decay times. This effect is difficult 
to observe at L - 4 and no comparisons can be ma-'e for L > 4. 

This effect may simply be due to the fact that energy loss and particle 
transport mechanisms may be enhanced during the time when the magneto- 
sphere is perturbed by the storm and as the storm, subsides, the loss 
mechanisms and subsequent decay approach a more normal mode. The fact 
that Figure 16 shows this effect in the region around L = 3 may be 
due to this being the region of initial appearance of energetic electrons 
during the storm and thus probably the region of greatest magneto- 
electric perturbations. 



DISCUSSION 


Losses 

As pointed out earlier. Figures 2-5 show that 
generally the ^jOG keV electrons on a given L shell rapidly 
(<l -2 days) com? to equilibrium after a large geomagnetic 
storm, thereby causing the entire L shell to behave uniformly 
over extended periods of time. The differences in response 
on a particular L shell of the low altitude >26 0 koV electrons 
and the equatorial >300 electrons at the beginning of a storm 
may be due to (a) field expansions which invalidate a constant L 
label for an entire flux tube (Figure 15) and (b) the appearance 
of new particles having an anisotropic pitch angle distribution. 

A good example of pitch angle effects during the 
appearance of new particles can be seen by examining the 
unidirectional electron data obtained by Explorer 26 at 
L = 5 Rg during the onset of the April 17 storm. Explorer 26 
was at apogee during the onset of the storm and measured the 
first two hours of electron flux increases ( Brown and Roberts , 
1966 ). In addition to the omnidirectional measurements, the 
>450 keV electron flux was also sampled rapidly during one 
satellite rotation to give a measure of the unidirectional 
counting rate. This measured unidirectional data was reduced 
to absolute unidirectional flux as a function of the cosine 
of the electron pitch angle for each complete set of measure- 
ments taken during a satellite rotation. 
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Each set of unidirectional electron data was then 


fit by least squares (unir.g two indeoendent variable^ to the 

“ S 


function, flux: -- A 


1 


M- 
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‘ x oc J 


( Rcoerts , 1965 ) where p.Q = cos a^. 


a 0 = equatorial pitch angle, and is the loss cone. The 

variable A is for normalization purposes. Figure 17 contains 
a plot of the exponent S vs time during the April 17 storm. 

The behavior of S shows that the pitch angle distribution v;as 
initially peaked toward cos - 0 and changed to a rather 
uniform distribution over all pitch angles in certainly less 
than two hours and possibly less than one hour. 

We thus conclude that equilibrium within a given 
flux tube is attained rapidly for >300 keV electrons (<0.1 day) 
and that the longer periods (^1-2* days ) of nonuniform behavior 
on a given L shell (Figure 2) for'>300 KeV electrons are due 
to field expansion during the storm (Figure 15)* 

The uniform behavior of the keV electron 

population throughout a given flux tube causes the long term 
(>0.5 day) diffusion and decay to appear pitch angle independent 
at these energies. It was seen above that the initial 
energization (injection) was pitch angle dependent but rapidly 
(n2 hours) reached an. equilibrium distribution. The simplest 
conclusion to be drawn from these facts appears to be that 
the rapidity of the pitch angle diffusion mechanism causing 
electrons to diffuse down the line of force makes the slower 
processes (cross -I diffusion and decay) appear to be pitch 
angle ir.dep&nden t . 


t 

t 
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The ~1 MeV electron population does not display the 
same general appearance of pitch angle independence for 
diffusion and decay as does the ^300 keV population. This 
can be seen from Figures 2-5 where the 'vl MeV electrons take 
significantly longer to attain equilibrium than do the <300 keV 
electrons. In fact. Figure 4 shows c case where all 300 keV 
electrons are well into a decay mode along with the equatorial 
~1 MeV electrons. However, the low altitude <L.2 MeV electrons 
continue to increase. 

The conclusion drawn here is that diffusion effects 
and decay times show a strong pitch angle dependence for 
'ul MeV electrons because pitch angle diffusion mechanisms are 
not as effective in moving <1 MeV electrons d own a flux tube 
as they are for <300 keV electrons. 

Among possible pitch angle diffusion mechanisms, 

Roberts ( 1966 , 1968 ) has discussed the scattering of relativistic 
electrons along a flux tube using cyclotron-resonance scattering 
by whistler-mode disturbances and bounce-resonance scattering 
by perturbations having electric or magnetic field components 
parallel to the local field. In particular, Roberts has 
considered these mechanisms operating with irregular, wide-band 
noise-like field fluctuations. Irregular whistler-mode 
disturbances with rms magnetic field fluctuations cf order 
> 10 " 3 ? or bounce resonance scattering from irregular electric 
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field fluctuations of order >0.01 V/km rms or magrietic 
intensity fluctuations of order mis of B^ q yield pitch 

angle diffusion rates in rough agreement with observed outer 
zone electron lifetimes ( Roberts , I 96 &). However the power 
spectral density functions which characterize the strength 
of the mechanism and determine the diffusion coefficients 
are not yet well known. 

Both bounce-resonance and cyclotron-resonance 
scattering may be important in pitch angle diffusion since 
there may not be enough power available in the high frequency 
whistler region for the cyclotron-resonance interaction to 
effectively move particles with ^ tt/2 away from the 

equator. 

If the above mechanisms are of major importance in 
pitch angle diffusion along a flux tube, then the fact that 
they apparently act more effectively for ^00 keV electrons 
than ^1 MeV electrons yields Information concerning the 
respective power spectral density function. 

We shall assume that these mechanisms arc- the dominant 
ones causing pitch angle diffusion for relativistic electrons. 
The less effective pitch angle diffusion for -vl MeV electrons 
may be due to (a) a reduced effectiveness of the bounce- 
resonance interaction in removing the electrons away from 
a eq -v tt/2 or (b) a reduced efficiency for the whistler mode 
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cyclotron-resox'ianco interaction in lower?. nr, pitch angles 
ultimately into the loco cone. If care (a) prevailed and 
cyclotron-resonance scattering remained effective, then the 
low altitude electron intensities would closely follow 
equatorial intensities and there would be no build up of 
electron intensities at small pitch anrles. This is not 
the case for the ~1 l-’.eV particles and thus, case (b) seems 
applicable. It then follows that the power spectral density 
function for the wide band whistler mode noise interaction 
decreases in magnitude as those frequencies are approached 
which are responsible for rhe scattering of ~1 I-ieV electrons. 

While whistler mode scattering is a strong function 

of cos a , the index of refraction, and the propagation 

direction of the wave relative to the local field direction, 

the following discussion may give certain limits concerning 

the power spectral density. The electrons not being scattered 

are ~1 MeV electrons mirroring at low altitude, cos a ^ 1 . 

f eq 

Using cos c* = 1, an index of refraction n ~ 10, and assuming 
that the irregular whistler waves propagate nearly parallel 
to the field line, then the frequencies responsible for 
scattering an -JL MeV electron in the cyclotron-resonance 
interaction are those in the region of 1 KHz at L = 3 and 
200 Hz at L = 5. 
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The power spectral density function for the wide 
hand whistler mode noise thus appears to have significantly 
less power at to 1 KHs (corresponding to ->^I it e V electrons^ 
than it has at co ~ 2 KHz (corresponding to 'v.^,00 keV electrons) 
at L = 3. The respective values at L = 5 are <200 Hz (1 KeV 
electrons) and ^500 Hz (^300 keV electrons). While spatial 
dependencies in the power spectral density function will be 
important in determining equilibrium conditions over a wide 
range of altitudes-, the present results indicate that the 
power spectral density function may decrease significantly in 
the region <1 KHz. 

<V 

Figure- IS displays the measured decay times for the 
equatorially mirroring electrons at >300 keV, >4>0 keV and 
>1 MeV following the April IS, 1965 storm. The decays are 
measured during ti'.e long term post storm period, April 22.5 
to Fay 3, 19^5- It is seen that the ^>1 MeV electrons display 
a longer lifetime throughout the 3 < L < 5 region after this 
storm . In geneial, it was found that during the oeriod under 
study, January 1 through June 29, 1965 , whenever a persistent 
long term decay could be obtained for both electron energies, 
that the >1 MeV displayed the longer lifetime (e.g.. Figure 4). 
The low altitude >1.2 MeV decay times are more difficult to 
obtain but where available show slightly longer lifetimes 
than the >280 keV electrons in the region 3 < L < 5. Similar 
results have been observed for the period October 1 - 10, 1963 (Killians 
and Smith , 1965). 
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It thus appears that even during times well removed 
from major storms loss mechanisms in the 3 < L < 5 region are 

'V. 'V 

less effective when operating on -vl MeV electrons than on 
■v300 keV electrons. In light of the preceeding discussion, 
either the bounce-resonance interaction, or cross-L diffusion 
or both could be less effective at the higher energies. 

It should be noted that the data of Figure 18 along 
with the >4 hO keV electron pitch angle data. Figure 17, 
indicate that the transitional energy region in the preceeding 
discussions is between 4^0 keV and d MeV. However since we 
only have low altitude data at >280 keV and >1.2 MeV, we shall 
continue to use £300 keV and £1.0 MeV as our reference energie 
Sources 

It has been suggested that a source of energetic 
outer zone electrons is the cross-L diffusion, under conserva- 
tion of the firs’; two adiabatic invariants, of a low energy 
population initis.lly located at the magnetospberic boundary 


has been 


( Parker , i960; Tverskoy , 1964 ). Such a process 
effectively employed in an attempt to arrive at an equilibrium 
outer zone proton distribution (Naka da and Mead , 1965). 
Observations indicating that such diffusion occurs for outer 
zone electrons have also been reported ( Frank , 1965; Craven , 
1966 ) . 

The observations reported bereing indicate that 
cross-L diffusion does play an important role in establishing 
an equilibrium outer zone electron distribution . However,, 
the initial appearance of energetic electrons well within the 
trapping regions and their subsequent diffusion toward lower 
and higher L shells shows that the above cross-L diffusion 
process need not be the major source of energetic electrons 
in the outer zone. The position au which energetic electrons 
are first seen within the trapping region and the variation 
of this position with the size of the storm (Figure 15) 
qualitatively can explain the dependence of outer zone electron 
intensity maxima on magnetic activity ( McDiarmid and Burrows , 
1967). In addition, the appearance of 1-3 MeV electrons at 
L values of -^8 earth radii may be explained without requiring 
electrons of a few hundred kilovolts at the boundary. These 
high L energetic electrons could be due to the outward 
diffusion of energetic electrons initially appearing at lower 
L shells. 
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The source of the energetic electrons initially 
appearing within the trapping region is unknown. The possible 
sources are ( 1 ) acceleration of the local plasma and ( 2 ) accel- 
eration of a low energy population which is somehow transported 
in from other regions (e.g., the magnetotail). 

Carpenter (iy 6 j, 1 ^ 66 ) , has interpreted ground based 
whistler data as indicating the existence of a sharp knee, 
the plasmapause, in the radial profile of electron density. 

The plasmapause, located at 'J-!- Rg during periods of light 
magnetic activity, is thought to separate an inner region of 
<vlOO electrons/ce from an outer region of ~1 electron/cc. 

In discussing the distribution of electric fields 
in the magnetosphere. Clock (1966) has reported that space 
charge effects will develop a central field free region within 
the magnetosphere and distribute the field toward the outer 
legions. He identifies the field free region with the above 
•• high density region within the plasmapause and considers that 
the possible low density region results from the electric 
fields in the outer magnetosphere sweeping away the local 
thermal plasma. 

Carpenter (1966) has further observed an inward 
motion of the plasmapause during two periods of enhanced 
magnetic activity in July 1963. At this time the quiescent 
location of the whistler knee was at .v. ;> - 9.5 R^. 


The 
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plasmapause was observed to move to the region 2.8 - 3.8 Rg 
during the magnetic activity present on July 21 , 22 , and 30, 
I963. The respective maximum Dst values were - 237 , - 307 , and 
-g)7( Suguira and Hendricks , 1966 ) . The trapped electron 
data in Figure 15 indicate that for Dst raax of -207 to - 307 , 
energetic ele'ctrons are first seen at L > 5 Rg. The appearance 
of energetic electrons during small magnetic disturbances is 
thus seen to occur well above the region to which the whistler 
knee is observed to move. That is, the energetic electron 
population is observed in the low density region as discussed 
by Carpenter (1963) or, equivalently, in the field region as 
described by Block (1966). 

Bauer and Krishnamurthy (1968a) have suggested an 
alternative explanation for the existence of a whistler 
cutoff, i.e., plasmapause, during magnetic storms. They 
argue that the absence of whistler propagation above a certain 
altitude (L shell) may be due to the absorption of these waves 
via Landau damping by intense energetic electron fluxes 
appearing within the ring current region during a storm. 

The present energetic electron observations are 
consistent with this possibility in that for the -207 to -307 
storms reported ( Carpenter , 1966), the whistler knee was 
observed to move to lower altitudes from an ambient value 
which is coincident, within the allowable errors. 
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initial appearance of energetic electrons. The appearance of 
energetic electrons may thus damp the waves and thus cause the 
observed lowering of the knee. 

l'f during quiet times, the ambient plasma density 

_-3 

on the high altitude side of the plasmapause is ~1 cm 
( Carpenter , 1963 ),then it is not possible to obtain from the 
local plasma the low energy particle intensities thought to be 
responsible for the ring current (Hoffman and Bracken, 1965 ; 
Frank , 1967 )* It is possible however with these low plasma 
densities to support the energetic (> 280 keV) electron popula- 
tion found in these regions during storms. Therefore, the 
primary acceleration mechanism responsible for the freshly 
observed energetic electrons during a main phase storm, which 
seems to reside within the trapping regions but above the 
whistler knee, can use both local plasma and transported plasma 
as a major source of particles. 

The response of the topside ionosphere during the 
April 17, 1965 magnetic storm has been reported by Bauer and 
Krishnamurthy ( 1968 b). Both enhancements and depletions of 
topside ionization were observed and were found to depend on 
the phase of the storm. In particular, a large depletion in 
the maximum electron, density Km F2 was associated with the 
main phase expansion of the field at the time of the symmetric 
phase of the ring current. The peak depletion was observed 


t 
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to occur at L = 3 j in excellent agreement with the initial 

i 

appearance of energetic electrons at 1100 km and the location 
of their maximum intensity (Figure 11). Bauer and Krishnamurthy 
(1968b) suggest that this depletion represents an upward flux 
of plasma caused by reduced plasma densities at high altitudes 
due to either the main phase field expansion or to the 
acceleration of the local thermal plasma. The present results 
indicate that a major acceleration mechanism can operate within 
the stable trapping regions and initially at high altitudes. 

If the local plasma were energized, a local low 
energy depletion could result due to the energization and to 
field expansion caused by the energized particles. This in 
turn could cause an upward flow of ionospheric plasma to these 
regions and yield the Nm F2 depletions observed in the ionosphere 
( Bauer and Krishnamurthy , 1968b). The spatial correlation of 
the equatorial and low altitude energetic trapped electron 
results and the simultaneous Nm F2 depletion results during 
the April 17, 1965 magnetic storm are consistant with such a 
process. The equivalent low altitude and equatorial regions 
may be obtained roughly from Figures 11, 14 and 15. 

Thus the creation of intense energetic particle 
populations within the magnetosphere may stem from a variety 
of sources (e.g., local plasma, a low energy population from 
the magnetotail, ionospheric effects). 
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Many of these effects (decay, cross-L diffusion, 
pitch angle diffusion, acceleration, etc.) may well be storm 
dependent. The power spectral density function, for example, 
may vary from storm to storm and may also have a different 
shape during quiet times. This would have the effect of 
varying the energy at which pitch angle diffusion would become 
effective as a function of some as yet unknown storm parameter. 
Simultaneous particle-wave-field observations over many storms 
are required in order to identify the more significant sources 
and losses throughout the outer zone. The difficulty of these 
identifications is emphasized by the iterative nature of these 
mechanisms: i.e., sufficient particle intensities and 
anisotropies may trigger instabilities which produce the 
diffusion leading to the loss of the initial particles ( Kennel 
.and Petchek , 1966 ) . 

Similar particle-field-wave-plasma observations for 
a variety of storms will be invaluable in furthering understand- 
ing of the relation between magnetospheric plasma and energetic 
particles associated with the stable trapping region. 
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SUMMARY 

Simultaneous data have been presentee for trapped 
electrons at energies J >280 keV and ;>1 MeV as observed 
throughout much of the outer zone at 1100 km by the satellite 
1963 38C and in the near equatorial regions by the Explorer 2 6 
satellite. These observations were obtained during the time 
period January 1 through June 29* 19&5 > for the L values 3-0/ 
3-5# 4.0, 4.5^ 5-0 and 5 • 5 earth radii. The behavior of the 
trapped electron intensities were studied and discussed during 
five well defined magnetic storms which were accompanied by 
electron intensity increases throughout much of the region of 
observation. The following results and conclusions were 
obtained : 

(1) The ^300 keV trapped electrons on a given L shell 
(Figure 2) rapidly (<l-2 days) come to equilibrium 
after a large magnetic disturbance, thereby causing 
the entire L shell to behave uniformly over extended 
periods of time. 

(2) Pitch angle data for near equatorially mirroring 
^450 keV electrons during the April 18, 19^5 storm 
indicate that these electrons rapidly (<0.1 day) 
come to equilibrium within a given flux tube. 
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(3) It is thus concluded that the >300 keV electrons 
also come to equilibrium within a given flux tube 
within ^0.1 days and that the longer (^,1-2 day) 
noruniform behavior on a given L shell (Figure 2) 

Is due to field expansion during the storm (see 
number 10 below). 

(4) It is further concluded that the longer term (many 
day) cross-L diffusion and decay processes acting 

on ^-300 keV electrons appear pitch angle independent 

t 

due to the rapidity of the pitch angle diffusion 
mechanisms which strongly couple >300 keV electron 
intensities all along the line of force. 

(5) Such an apparent pitch angle independence for the 
long term cross-L diffusion and decay processes is 
not observed for the >1 MeV electrons. 

'V* 

(6) It is thus concluded that pitch angle diffusion 

■t 

mechanisms are not as effective in lowering the \ 

A 

mirror ooints of >1 MeV electrons as they are for j 

~ i 

j>300 keV electrons. It is this energy dependence I 

of the pitch angle scattering mechanisms that allows 

% 

the observation of a strong pitch angle dependence -j 

\ 

for cross-L diffusion and decay effects at ^>1 MeV. | 
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(7) Using the cyclotron and bounce- resonance interactions 
with v/ibe band irregular field fluctuations, as 
described by Roberts ( 1968 ), as major loss mechanisms, 
it is found that the power spectral density function 
characterizing the cyclotron-resonance interaction 
may decrease significantly in magnitude as the 
frequency is lowered from. a> ~ 1000 - 2000 Hz to 

(0 ~ 200 - 1000 Hz. 

( 8 ) Longer lifetimes are observed for ^1 MeV electrons 
than for >300 keV electrons , indicating that either 
cross-L diffusion or the bounce-resonance interact: cn 
may be less effective at higher energies. 

(9) Shorter lifetimes for both lov; and high altitude 
trapped )>300 keV electrons were observed immediately 
(<5 days) after the April 17 storm than during the 
long term (5 to 1 6 days) post storm period (Figure 16 ) . 
This effect was seen in the region L ~ 3 where 

the storm produced its largest energetic particle 
effects. The shorter lifetime in the immediate post 
storm period may be due to an enhancement of loss 
processes during disturbed periods. 

(10) Measuring the time required for the electron inten- 
sities to reach one-half their maximum value, t m /2* 
after the start of a storm has led to the result 
that energetic (>3^0 keV, >1 MeV) electrons associated 


with a main pnase magnetic disturbance may 
initially appear well within the trapping regions 
and subsequently diffuse both in towards lower L 
values and out towards higher L values. A case of 
a possible double appearance of energetic electrons 
was found in the April 1?', 19^5 storm. 

(11) It was also observed that the minimum t^^ and 

maximum intensity at both lev/ and high altitude 

occurred at lower L values as the maximum Dst of 

the storm increased. This is in agreement with 

previous low altitude results ( Ar e ns and Williams , 

196/). It was further observed that the equatorial 

and low altitude minimum t values fell on 

m/d 

separate curves (Figure 15) on a L vs Dst max plot. 
This is interpreted as a measure of field expansion 
during the storm and yields AR 0.2 Rg at R ~ 5 Rg 
for Dst max = -30/ and AR -v 0.5 Eg at R -v 3.2 Rg for 
Dst max = -1407. The latter value agrees well with 
the AR 0.5 Rg at R = 3*5 Rg obtained by Davis 
(personal communication) during the same April 17, 
1965 t storm included in this study. 

(12) The appearance of energetic electrons within the 
trapping regions and its variation with Bst rnax -• 
coupled with the subsequent transport of these 
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electrons can qualitatively explain the dependence 
of out'-"- one electron intensity maxima on magnetic 
acitivity ( McDiarmid and Burrows , 1967 ) . These 
observations can also explain the appearance of 
several MeV electrons at L values of ^8 F_ without 
requiring a several hundred kilovolt population at 
magnetospheric boundary. 

(13) Preliminary evidence indicates that the energetic 
electrons initially appear on the high altitude 
side of the whistler knee, i.e., on the low density 
side of the plasmapauce as discussed by Carpenter 
(1$63). The motion of the whistler knee to lower 
altitudes during small magnetic storms ( Carpenter , 

1963) coupled with the region of appearance of 
energetic (>300 keV) electrons d ‘ring similar size 
storms lends support to the suggestion of Bauer and 
Krlsh n amurthv (1968a) that, during storms, the whistler 
cutoff and the apparent motion of the whistler knee is 
due to the appearance of energetic electrons associated 
with the storm ring current which absorbs the waves 
via Laundau damping. 

(14) The depletion in the topside ionosphere maximum 
electron density, Nm F2, was observed to peak at 
L = 3 during the April 17, 1965 magnetic storm 
hoax er a nd Krishnamurthy , 1968b). This region of. 


f 
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peak Km F2 depletion agrees very well with the 
region of mininum t^^ and maximum intensity 
obser/ed f or the low altitude energetic electrons 
during this same storm (Figure 11). The energetic 
electrons during the April 17, 19^5, magnetic 
storm appeared initially well within the trapping 
regions (L = 3 at 1100 km) and were thus produced 
by an acceleration mechanism acting in these regions 
on either the local low energy population or on a 
low energy population transported in from elsewhere. 
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Figure 1. Projection onto ecliptic plane of Explorer 26* 

and 1963 38c orbits showing local times sampled 
by these satellites during the six month period 
of January- June 1965. 

Figure 2. Simultaneous electron data from the polar orbiting 
satellite 1963 38C (E > 280 keV) and the near 
equatorial satellite Explorer 26 (E > 300 keV) 
for the period January 1, 1965, through June 29, 
1965. The electron data at L = 3-0* 3-5* 4.0, 

4.5, 5-0, and 5-5 are shown in terms of counts 
for each of the experiments counting intervals. 

See Table 1 for the conversion factors to convert 
the data to fluxes. Below the electron data are 
plotted the hourly average Dst and the three hour 
average Kp index for the six month period. 

Figure 3- Simultaneous electron data from the polar orbiting 
satellite 1963 38C (E > 1.2 MeV) and the near 
equatorial satellite Explorer 26 (E > 1.0 MeV) for 
the period January 1, 1965, through June 29* 1965. 
The electron data at L = 3-0* 3-5* 4.0, 4.5* 5*0, 
and 5*5 are shown in terms of counts for each of 
the experiments counting intervals. See Table 1 
for the conv' sion factors to convert the data to 
flux- 3. Below electron data are plotted the 

hour... average Dsn and the t^-ree hour average Kp 
index for the six month per 
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Figure 4. 


Figure 5- 


Figure 6 . 


Simultaneous electron data from the polar orbiting 
satellite 1963 30C (E > 280 keV and E > 1.2 MeV) 
and the near equatorial satellite £xp_orer 26 
(E > 300 and E 1 1.0 MeV) for March 1 througn 
March 12, 1965- Electron data at L = 4.0, 4.5, 
and 5.0 is shown during the period of the March 3 
geomagnetic storm. Belov/ the electron data are 
plotted the AE index, Dst, and the Kp index. 
Simultaneous electron data from the polar orbiting 
satellite 1963 38c (E > 289 keV and E > 1.2 MeV) 
and the near equatorial satellite Explorer 26 
(E > 300 keV and E > 1.0 MeV) for June 13 through 
June 25, 1965 . Electron data at L - 3 . 5 , 4.0, 4.5, 
5 . 0 , and 5-5 are shown during the period of the 
June 15 geomagnetic storm. Below the electron 
data are plotted the AE index, Dst, and the Kp 
index . 

Sequence of low altitude trapped electron outer 
zone profiles obtained by satellite 1963 38 C during 
February 6 , 1965 , magnetic storm. Numbered arrows 
in plot of Dst and AE values indicate time sequence 
of respective numbered passes. Note initial high 
latitude appearance of electrons associated with 
substorm during main 


rd compression, their 



Figure 7. 


Figure 8. 
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subsequent loss to these low altitude regions, 
and the later arrival of the bulk of energetic 
electrons associated with the storm main phase. 
Simultaneous electron data from 1963 38 C 
(E > 280 keV) and Explorer 26 (E > 300 keV) during 
the February 6, 1965 , geomagnetic storm. Below 
the electron data are the AE and Kp indices and 
the equatorial Dst. The equatorial electron data 
shows the first particle increases at L = 5 , 
apparently correlated with the AE spike at the 
time of the sudden commencement. The low altitude 
electron data also indicate an increase at this 
time. However a decrease occurs after this 
substorm but before the storm main phase and 
major electron increase (see also Figure 6). 
Equatorial data are not available during this time 
interval . 

Febi’uary 6, 1965 , Geomagnetic Storm: The maximum 

storm electron intensities and the time required 
for the intensities to reach half their peak 
values (t ra ^) plotted vs L for the high and low 
energy electrons observed on 1963 38C and 
Explorer 26. Explorer 26 >306 keV and >1.0 MeV 
data has been multiplied by 0.1 and 1963 38C 
>1.2 MeV data has been multiplied by 5* Using 
these factors, fluxes may be obtained from the 
conversion constants in Table 1. 
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Figure 9» March 2, 1965, Geomagnetic Storm: The maximum 

storm electron intensities and the time required 
for the intensities to reach half their peak 
values (t m ^ 2 ) plotted vs L for the high and low 
energy electrons observed on 1963 38C and 
Explorer 26. Explorer 26 >300 keV data has been 
multiplied by 0.1 and 1963 3SC >1.2 MeV data 
has been multiplied by 10. Using these factors, 
fluxes may be obtained from the conversion constants 
in Table 1. 

Figure 10. March 22, 196-5* Geomagnetic Storm: The maximum 

storm electron .intensities and the time required 
for the intensities to reach half tneir peak 
values (t^yg) plotted vs L for the high and low 
energy electrons observed on 1963 38c and 
Explorer . Explorer 26 >300 keV data has been 
multiplied by 0.1 and 1963 38c >1.2 MeV data has 
been multiplied by 10. Using these factors, fluxes 
may be obtained from the conversion constants in 
Table 1. 

Figure 11. April 17, 1965* Geomagnetic Storm: The maximum 

storm electron intensities and the time required 
for the intensities to reach half their peak 
values ( ) plotted vs L for the high and low 
energy electrons observed on 196-8 3&C and 
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and Explorer 26. Explorer 26 >300 keV data has 
been multiplied by 0.1 and 1963 3^0 >1.2 MeV data 
has been multiplied by 10. Using these factors, 
fluxes may be obtained from the conversion constants 
in Table 1. A possible second appearance of 
electrons was observed in the region L = A. 5 - 5-5- 

Figure 12. June 15, 1965, Geomagnetic Storm: The maximum 

storm electron intensities and the tirn^ require! 
for the intensities to reach half their peak 
values (t^^-,) plotted vs L for the high and low 
energy electrons observed on 1963 3.8C and Explorer 26. 
Explorer 26 >300 keV and >1.0 MeV data has been 
multiplied by 0.1. Using these factors, fluxes 
may be obtained from the conversion constants in 
Table 1. A very broad region (L - 3.5 - 5*0) of 
initial electron appearance was observed. 

Figure 13. Rate of apparent inward motion for the equatorial 
E > 1.0 MeV electrons plotted vs L from the 
March 22, 1965* geomagnetic storm (Figure 10). 

These data show the clearest example of possible 
inward electron diffusion for the storms examined. 
Plots of dL/dt = L n for several values of n are 
shown along with the data. 
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Figure 14. Diagram, not to scale, qualitatively showing the 
projection of* a wide source region in equatorial 
regions to a narrow latitude interval at low 
altitudes. Projection during a main phase field 
e<pansion shown as cross-hatched section. ^Dipole 
projection shown as shaded sect i on for comparison. 

Figure 15. a. The L value oi maximum electron intensity 

plotted vs the peak Dst value for the five geomagnetic 
storms examined in Figures 8-12. Both energies at 
both low and high altitudes are included, 
t. The L value of the earliest plotted vs 

the peak Dst; value for the same five geomagnetic 
storms. A separation, attributable to a measure 
of the magnet osphe.ric expansion, is observed between 
the high and low altitude electron data. 

Figure l6. Lifetimes (time to of initial value) for energetic 

electrons plotted vs L for two periods following 
the April 17, 1965, geomagnetic storm, 
a. Lifetimes for the immediate post-storm period, 1 
April 19 - April 22.5, 1965- Data beyond L = 4.0 
was not available because outivard electron 
diffusion was still operative during portions of 
this time period at the higher L values and no 
decay was observed. 
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b. Lifetimes for the post stcrm period April 22.5 
May 3 , 1965 * The decay rates at the low L values 
have increased by a factor of about 2 over the 
rates in (a) at L - 2.6 - 3-5- At all L values, 
for both periods of time, the decay rates observed 
for these energetic electrons at high and low 
latitude are nearly identical.’ 

Figure 17. Plot of the value of the exponent s in the fit to 
the pitch angle electron data (E > 0.45 MeV) vs 
time during the onset of the April 18, 1965 , 
geomagnetic storm near L = 5 Rp* The exponent s 
very rapidly tends toward the quiet time value 
after the L = 5 storm onset at about 06 20 . This 
indicates that an initial electron population, 
peaked in pitch angle distribution at the equator, 
rapidly changes to a rather uniform electron flux 
population over all pitch angles. 

Figure 18. Near-equatorial electron lifetimes for E > 300 keV, 
>450 keV, and >1.0 MeV plotted vs L for the period 
April 22.5 - May 3 > i 960 (Figure l6b ) . The 
- . E > 1.0 KeV electrons display a longer lifetime 

in the region L = 3*0 - 5*9 during this to me period 
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